On lattices whose bonds are assigned time delays from a bimodal distribution with modes at b and a &&b whose relative weights are p and 1 -p, the dependence of the first-passage velocity v on p is investigated by means of scaling arguments and computations. As p increases, U exhibits a sharp rise near the percolation threshold due to a crossover from the contact-propagation regime, in which slow-bond crossings are rate limiting, to the chemical-propagation regime, in which the tortuosity of the shortest path through the fast-bond network is rate limiting. Previous analyses of criticality in the limit a/b~00 are extended by obtaining corrections to scaling for finite a/b. The qualitative picture is confirmed by small-cell real-space renormalization-group (RSRG) computations, and proposed scaling laws for critical exponents are tested by means of large-cell Monte Carlo RSRG computations and by a computational method analogous to the transfer matrix for conductivity. The development is analogous to the well-known theory of the conductivity of a disordered medium, and in fact corresponds to a particular limit of the nonlinear conductivity problem. This correspon- for the conductivity of stirred-percolation systems.
I. INTRODUCTION
The "chemical distance"' between two points or regions A and 8, defined as the length of the shortest connecting path entirely contained within the allowed region of a disordered medium, has recently been recognized as an important descriptor of the physical as well as the geometrical properties of the medium.
In particular, a scaling law relating the fractal dimension of the shortest path across a percolation cluster to the critical behavior of the first-passage velocity v through a percolating network has been derived. 2~T he vanishing of u at the percolation threshold p, of the medium is analogous to the vanishing of the conductivity, if we take the allowed region to be the conducting region.
We have noted that this analogy can be extended by considering the first-passage analogue of the random superconducting network. ' In the domain p &p, of the conductivity problem, the superconducting region consists of isolated clusters, with the overall conductivity governed by the time for charge carriers to cross short normalconducting paths spanning the gaps between large superconducting clusters. In the first-passage analogue, formulated on a square bond lattice for concreteness, bonds have zero time delay with probability p and finite time delay otherwise, representing a regime in which the crossing of "slow" bonds spanning the gaps between "fast" clusters is rate limiting with respect to the first-passage velocity. We ca11 this the contact-propagation ' ' regime, to distinguish it froin the "chemical-propagation" regime above p, . In the contact-propagation regime, there is no simple relationship between chemical distance and first-passage velo- city. Nevertheless, a scaling law relating the critical behavior of the first-passage velocity to a geometrical exponent has been proposed. This and the scaling law for the chemical-propagation regime provide a framework for predicting and interpreting the critical exponents on either side of p p"although unsolved problems remain, as we shall indicate.
Here, we combine and extend previous results concerning the criticality of u above and below p, in order to obtain a unified picture of the p dependence of v. After reviewing and extending previous results concerning criticality on either side of p"we examine the crossover from contact propagation to chemical propagation under the assumption that the slow and fast bonds are assigned finite time delays a and b «a, respectively. Chemical propagation corresponds to the limit a~00 with b fixed.
As noted previously, the contact-propagation regime is associated with a shift to the slow time scale, i.e. , the limit b~0 with a fixed. The crossover between regimes is obtained by taking a /b to be large but finite so that, as p, is approached from either side, a transition regime is encountered in which u depends on the ratio a/b Scaling.
predictions for the transition regime are obtained by arguments analogous to those for the conductivity problem.
We A computational method analogous to the transfer matrix' for conductivity is used to verify the predicted finite-(a/b) scaling in the transition regime.
Our previously reported estimates' of the chemicaldistance exponent obtained from the latter computation are discussed.
Finally, the relationship of the firstpassage problem analyzed here to the scaling regimes of stirred percolation ' ' is exploited to obtain scaling laws governing propagation and transport in stirred-percolation systems.
O. SCALING PREDICTIONS FOR THE
FIRST-PASSAGE VELOCITY 8= v(P -1), (2.1) in which v is the correlation-length exponent and the chemical-distance exponent P (in the notation of Ref. 6) governs the R dependence of the first-passage time, i.e. , r"~-R~for R less than the correlation length g'. This result was derived by assuming that aqua is independent of p -p, for R «g and that r~ii is proportional to R for R »g. The derivation is thus analogous to the derivation of the scaling law for diffusion on percolation clusters, '7 except that for the diffusion problem, r"ii is proportional to R2 for large R, the constant of proportionality being the inverse of the diffusion coefficient. As in the diffusion problem (or in the conductivity problem, which is equivalent based on the Einstein relation' ), the scaling law relates a fractal index governing geometrical fine structure to an exponent governing a large-scale process, (IIC) . (A cutting bond is a bond whose removal breaks the connection between i and j.) For e=p, -p &&1, Coniglio showed that I. =(p/S)dS/dp, where the mean cluster size S is of order e, and thus I.-e . He obtained this by determining the reduction of the probability p;J that i and j are connected due to a reduction of p by dp, attributing the reduction of p;i to the removal of cutting bonds. Now we consider points i and j, separated by a distance g, on distinct IIC's. For such points, the increase of p, J. due to an increase of p by dp is attributable to the addition of crossing bonds, i.e. , bonds cornrnon to the perimeters of the two IIC's. The extrapolation procedure is predicated on the assumption that finite-cell biases vanish in the large-L limit, so that the propagation exponents could in principle be determined to arbitrary accuracy, limited only by statistical error, from Eqs. (4.1) and (4.2) in this limit. This implies that the right-hand side of each of these equations should converge to a constant value in the large-L limit, thus providing unbiased estimates of the propagation exponents.
Finally, we note that the first-passage velocity for the present configuration, in which the first passage from edge A to opposite edge 8 of a square box is sought, is not a priori equivalent to the first-passage velocity for the configuration usually considered, in which A and 8 are points. However, the equivalence of the former, "line-toline" process to the latter, "point-to-point" process with respect to first-passa e velocity has recently been rigorously established.
In fact, the box need not be square, provided that its aspect ratio is finite in the large-L limit. The first-passage velocity is thus sensitive to the distribution of time delays but not to the boundary configuration, facilitating the application of scaling analysis to the problem. P/k = -ln(w~~= 0(a) ) /lnL (4.3) in the large-L limit. This is consistent with the result &~a-0~" (4 
gjT/k+i(1+c g ru/v)- (4.5) which defines the correction-to-scaling exponent e. (ci and ci are constants. ) Using Eq. (2.2), this form has been expressed in terms of g. Taking g=L, we obtain the finite-size scaling formulation L{)/k+)( 1+c L ru/v)- (4.6) If we assume that the L dependence of U can be expressed alternatively by means of an L-dependent exponent (4.7) where c2 is an additional constant. Here the notation P(L) exhibits the L dependence explicitly in order to disdependence of P to allow reliable extrapolation. Extrapolation gave the estimates 0.76+0.01 and 0.70+0.01, respectively, for P. We interpreted the statistically significant discrepancy between these estimates as a consecpence of the fact that for these distributions, F(x)-x is a small-x approximation which is not exact in any neighborhood of x =0.
The power-law distribution We could use Eq. (4.7) to estimate {() for given F(x) by adjusting the parameters {(), ro, ci, and c2 to fit Eq. (4.7) to the computed results for P(L). Rather than implementing this four-parameter fit to a limited data set, we proceed by fitting Eq. (4.7) to the power-law data of Fig. 3 , assuming that Eq. (2.6) is exact, i.e. , {)I) = I/v ( = -, for d =2), and requiring that co be universal, i.e. , the same for all three k values shown in Fig. 3 . The amplitudes ci and c2 are taken to be nonuniversal, i.e. , they are readjusted for each k value. The curves fitted in this manner are shown in Fig. 3 . %e obtain co=0.96+0.01, where the estimated uncertainty is based on fits in which co is allowed to be k dependent.
Despite the number of free parameters in the fit, we regard the excellent agreement which is achieved over a wide range of L values as significant, not only with regard to confirmation of Eq. (2.6), but also with regard to confirmation of the correction-to-scaling analysis. In particular, we have obtained a rather precise estimate of the correction-to-scaling exponent oi, for which no scaling law has yet been proposed.
[Note that the finite-size correction-to-scaling analysis based on Eq. The numerical results cannot exclude the previously proposed scaling law for {T), Eq. (2.3), since the difference between the numerical predictions of the two proposals is barely statistically significant. However, we regard Eq.
(2.6) as preferable because it has a sounder conceptual basis.
({)=in(~~~=O(b))/lnL, (4.8) Fig. 4 . The slope of the least-squares fitted line is P = 1.148%0.003.
In Fig. 5 4) by an alternate method. The inethod is outlined in Sec.
V A and the estimates of (() Our goodness-of-fit procedure for isolating the finite-(a Ib) scaling regime exploits the X distribution for N fitted points, P(X,N), evaluated at the weighted sum of squared deviations for the fit, X . As points are removed from either end of a range of~o ints that is initially larger than the scaling regime, P(X,N) undergoes a transition from values P(X,N)-0 characteristic of poor linear fits to values P(X,N)-0. 5 in the finite-(a/b) scaling regime.
The inverse slope of a weighted linear least-squares fit through a range of points that is well within the scaling regime gives our estimate of P{L). F(x)=1 -exp( -M), k =1 and thereforẽ &a -1/n Thus, we. obtain~-1/n for the continuoustime stirred-percolation process.
As we noted previously, ' the distinction between discrete-time and continuous-tine stirred-percolation processes is crucial because different scalings and therefore different critical exponents are obtained for the two processes, the latter process being more relevant to physical applications. In particular, we evaluate the propagation exponent governing the divergence of U =fir as p~p" assuming that n scales for stirred percolation in the same manner as for first-passage percolation [Eq. (2.6) 
B. Conductivity
We consider the conductivity of a stirred-percolation system in the limits of infinite charge mobility in the "allowed" region (i.e., sites occupied by one or more random walkers) and zero charge mobility in the "forbidden" region (i.e. , unoccupied sites}. Thus, the charge density p per site immediately equilibrates to a constant value over the cluster whenever two clusters merge to form a single cluster. We assume that the merger of clusters of radius g is the dominant charge-transfer mechanism for large g, and that the frequency of such mergers scales as 1/r, where r is the contact time defined in Sec. VIA. The total charge transfer Q per merger event is proportional to d the product of the cluster size g times the charge-density difference hp prior to merging. Assuming that the applied field E is weak, the mean charge-density gradient is constant, so bp-gE. Defining 
